Autophagy is an essential physiological process by which eukaryotic cells degrade and recycle 13 cellular materials. Although the biochemical hierarchies of the mammalian autophagy pathway 14 have been identified, questions remain regarding the sequence, subcellular location, and 15 structural requirements of autophagosome formation. Here, we characterize the structural 16 organization of key components of the mammalian autophagic initiation machinery at ~20 nm 17 spatial resolution via three-color, three-dimensional super-resolution fluorescence microscopy. 18 We thus show that upon cell starvation, FIP200, a large structural protein of the ULK1 complex 19 with no direct yeast homolog, scaffolds the formation of cup-like structures located at SEC12-20 enriched remodeled ER-exit sites prior to LC3 lipidation. This cup scaffold, then, provides a 21 structural asymmetry to enforce the directional recruitment of downstream components, 22 including the Atg12-Atg5-Atg16 complex, WIPI2, and LC3, to the cup inside. Moreover, we 23 provide evidence that the early autophagic machinery is recruited in its entirety to these cup 24 structures prior to LC3 lipidation, and gradually disperses and dissociates on the outer face of the 25 phagophore membrane during elongation. We thus shed new light on the physical process of 26 mammalian autophagic initiation and development at the nanometer-scale.
Introduction
FIP200 is a functional counterpart of yeast Atg17, the two share little sequence homology, but 48 are instead related by a shared biochemical role as members of the ULK1 complex, and by their 49 predicted flexible helical structure 9,10,13-15 , which may help scaffold the initial structure of 50 autophagosomes 12, 16 . As a SEC12 interactor, FIP200 further provides a possible link between the 51 early autophagic machinery and ER-exit sites (ERES) 17 . Moreover, its proposed ability to recruit 52 downstream components, including direct interaction with Atg16 18 and tethering of Atg9 vesicles 53 via Atg13 7,19 , provides mechanisms for the sequestration of a membrane source and subsequent 54 LC3 lipidation. Whereas the biochemical interactions of FIP200 have been examined in depth, 55 how exactly FIP200 acts as a structural scaffold during autophagosome formation remains 56 speculative 12 . Elucidating this role with respect to the spatiotemporal dynamics of 57 Z (v) and in the X-Z plane for the central slice of Y (vi) showed that the structure was actually a 87 hemispherical cup. 88 We next performed two-color 3D-STORM for FIP200 and LC3. This unveiled that 89 FIP200 formed asymmetrically positioned, densely-packed cups around early LC3-positive 90 phagophores ( Fig. 2A, red arrow, and Fig. S2 ), but was largely absent from the large, spherical 91 LC3 structures ( Fig. 2A, blue arrow) . 92 To elucidate the progression of FIP200's role in autophagosome development, we imaged 
101
Quantification of the FIP200 signal as a percentage of the total 2-color STORM signal 102 showed a monotonically decrease with increasing phagophore size ( Fig. 2C ). Comparison of the 103 measured diameters of LC3 and FIP200 in colocalized structures ( Fig. 2D ) further showed 104 FIP200 to be consistently larger. Together, our results indicate that FIP200 forms asymmetrically 105 positioned cups around early autophagosomes, and remains at the outer face of the phagophore 106 membrane while progressively dispersing and dissociating as the autophagosome develops.
107
The FIP200 cups we found above for early-stage phagophores are reminiscent of the cup-108 shaped SEC12 structures we recently reported in the FIP200-facilitated, starvation-induced 109 remodeling of ERES 17 . Notably, three-color 3D-STORM showed that SEC12 colocalized well 110 with FIP200 cups ~200 nm in size in the absence of LC3 (Fig. 3A , i). Subsequent LC3 111 recruitment and phagophore elongation resulted in a quick drop in SEC12 signal (Fig. 3A , ii-iv), 112 with minimal SEC12 observed for structures >~400 nm in size, at which stages FIP200 was still 113 present at high levels (Fig. 3A , iii-iv). These results indicate that the recruitment of FIP200 to the 114 SEC12-enriched remodeled ERES and the formation of the observed cup-like motif occur prior 115 to LC3 lipidation. 116 We next examined how the unique FIP200 cup structure recruits downstream 117 components. The Atg12-Atg5-Atg16 complex is the last major protein complex to be recruited 118 prior to LC3 lipidation and phagophore elongation 6 . As FIP200 directly interacts with the middle 119 region of Atg16 18 , it provides a link between the Atg12-Atg5-Atg16 and ULK1 complexes.
120
Remarkably, three-color 3D-STORM showed that Atg12 colocalized closely with FIP200, and 121 this agreement was observed across all stages of autophagosome development (Fig. 3B ).
122
Comparison of the individual color channels showed that within a single phagophore, many 123 nanoscale FIP200 puncta have a corresponding Atg12 punctum ( Fig. 3B ). In comparison, the 124 LC3 signal exhibited a range of total intensity with little direct correspondence to either the 125 FIP200 or Atg12 signals ( Fig. 2AB and Fig. 3B ).
126
With the above data, we plotted the STORM signals of the SEC12, Atg12, and LC3 127 labeling at FIP200 cup structures as a function of structure size ( Fig. 3C ). This showed that 128 SEC12 primarily localized to structures <250 nm in size, with the SEC12:FIP200 ratio rapidly 129 falling off at the earliest stages of development. Meanwhile, Atg12 localized to FIP200 130 structures in a near 1:1 ratio independent of the structure size, whereas the LC3:FIP200 ratio 131 increased quickly during phagophore elongation (300-800 nm).
132
Zoom-in of the three-color STORM images further revealed the relative spatial 133 organization of different autophagic components. We thus found that FIP200 defines the 134 outermost edge of autophagosomes, Atg12 localized to the inner edge of the FIP200 shell, 135 whereas LC3 constituted the innermost part of the structures (Fig. 4A ). We also examined 136 WIPI2, a PtdIns3P effector that controls LC3 lipidation by interacting with Atg16L 28 : we found 137 it localized inside the FIP200 cups ( Fig. S3 ), and was at the innermost part relative to FIP200 and 138 Atg12 in hemisphere structures ( Fig. 4B) , similar to what we observed for LC3.
139

Discussion
140
The signaling cascades and biochemical components required for autophagy initiation have been 141 studied extensively 1, 6, 7 . While our understanding of mammalian autophagy has benefited greatly 142 from comparison to yeast, significant differences exist between the two: in particular, 143 mammalian autophagy occurs throughout the cytosol, rather than from a single initiation site.
144
Mammalian proteins with no direct yeast homologs are possible candidates for these differences 145 in spatial organization. FIP200 is one such protein: while functionally related to yeast Atg17 9,15 , it is much larger (200 kDa vs. 47 kDa), and as such, may play a unique role in scaffolding the 147 mammalian autophagosome biogenesis. Additionally, its established role as a SEC12 148 interactor 17 , combined with the potential of the starvation-remodeled ERES as a site of 149 autophagosome formation 11,17 , make it a compelling target of study.
150
Here, through three-color 3D-STORM, we found that in amino acid-starved cells, FIP200 151 was recruited to the SEC12-enriched remodeled ERES, where it formed cup-shaped autophagic 152 precursors. The formation of such FIP200 cup structures may be a prerequisite for the 153 subsequent recruitment of the autophagic machinery, and we found the smallest cup structures 154 that colocalized with LC3 puncta to be ~260 nm in size.
155
Since cups are inherently asymmetric, they provide a mechanism for the asymmetric are fully recruited to the cup structure prior to LC3 lipidation. The FIP200 cup-scaffolded 163 mechanism also helps explain the general observation that Atg proteins tend to be recruited to 164 the outer face of the phagophore membrane 29,30 , from where they then dissociate during 165 autophagosome formation 25 . 166 As we observed dense FIP200 cups at early autophagosomes that colocalized with 167 SEC12, it raises the question of whether SEC12 forms cup structures prior to FIP200 168 recruitment. Examination of our STORM data showed little evidence of SEC12 cups without 169 FIP200 colocalization. Indeed, we have previously shown that the knock-down of FIP200 170 abolishes the enlargement of SEC12-ERES in starved cells 17 . In our recent work on SEC12 171 accumulation at ERES during the generation of COPII-coated vesicles in un-starved cells 31 , we 172 find that SEC12 organizes into dense, flat sheets, as opposed to cups. These observations suggest 173 that FIP200 provides a mechanism for the restructuring of the SEC12-enriched ERES membrane 174 in starved cells towards cup formation. Clues as to FIP200's ability to remodel membranes may be gleaned by recent simulations showing that the association of Atg17 dimers with tethered 176 vesicles is sufficient to reshape these membranes into tube, disk, or cup shapes 16 .
177
In summary, we have shown that FIP200 defines a cup-shaped scaffold for the directional 178 recruitment of subsequent autophagic machineries and hence the structure of nascent and dissociate on the outer face of the phagophore membrane (Fig. 4C, v) . 
